Experimental and numerical investigations on cylindrical shell panels subjected to underwater explosion loading are presented. Experiments were conducted on panels of size 0.8 × 0.6 × 0.00314 m and shell rise-to-span ratios h/l = 0.0, 0.05, 0.1, using a box model set-up under air backed conditions in a shock tank. Small charges of PEK I explosive were employed. The plastic deformation of the panels was measured for three loading conditions. Finite element analysis was carried out using the CSA/GENSA [DYNA3D] software to predict the plastic deformation for various loading conditions. The analysis included material and geometric non-linearities, with strain rate effects incorporated based on the Cowper-Symonds relation. The numerical results for plastic deformation are compared with those from experiments.
Introduction
Non-contact underwater explosions are widely used to cause damage to ship structures as a part of naval warfare strategy. The response of structures subjected to the resultant shock loading is quite complex involving fluid -structure interaction, high strain rates, material and geometric non-linearities, large deformation, tensile tearing and rupture. Depending on the explo-sion energy, the structural response is either elastic or plastic. The sequence of failures associated with underwater explosion is elastic deformation, large deformation, tensile tearing, shear failure etc. Keil [1, 2] has briefly dealt about underwater explosion, failure and damage mechanisms. A number of investigations on stiffened and unstiffened plates and beams subjected to air blast loading [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] have been reported in the literature. There does not appear to be any published work dealing with underwater explosion effects on cylindrical panels.
Menkes and Opat [18] reported three failure modes, namely, a) large deformation, b) tensile tearing and c) shear failure for explosively loaded clamped beams. Similar failure modes have been found in the case of unstiffened and stiffened plates to air blast loading [11, 12] . Ramajeyathilagam et al. [19] have also established the first two failure modes for rectangular plates under air backed condition subjected to underwater explosion on the basis of shock tank tests and numerical analysis.
Cylindrical shell panels find wide use in ship and offshore structures and hence there is a need to understand their behavior under shock loading. In the present paper an experimental investigation on the large deformation of cylindrical shell panels subjected to underwater explosion is presented followed by numerical modelling. The experiments were carried out on airbacked cylindrical shell panels with rise-to-span ratio h/l = (0.0, 0.05, 0.1), to study the curvature effects on the shock response. The experiments were conducted using small explosive charges of PEK I in a shock tank. Numerical analysis has been carried out using the CSA/GENSA [DYNA3D] [20] non-linear finite element code and the results compared with experimental data.
Experimental work
Experiments were conducted in a shock tank of dimensions 15 × 12 × 10 (depth) m. The test fixture used to study the large deformation behavior of curved shell panels is shown in Fig. 1 . The test set-up consists of a heavy steel box to simulate air-backed condition, a top hollow cover plate and two end plates, which have been machined to match the curvature of the test panels corresponding to h/l = 0.05 and 0.1. All the fixture plates were made of 0.025 m thick mild steel plates.
The test panels were fabricated from cold rolled high strength, low alloy, mild steel plates of dimensions 0.8 × 0.6 × 0.00314 m. The cylindrical panels were formed by setting the required radius on a plate bending machine. A typical shell panel is shown in Fig. 2 . The exposed (base) area of the panel to shock loading is 0.6 × 0.4 m 2 , with the load acting on the convex side. The experiments were carried out using small explosive charges of PEK I (1.17* TNT) of 20 gm, 30 gm and 50 gm weights. The explosive was packed in a small spherical plastic container, appropriately designed for each charge weight, and detonated electronically. In the experimental set-up, the test panel was placed between the bottom box and the top cover plate. End plates matching the curvature were used at the curved ends to prevent water entering the box. The complete set-up was bolted using 30 M12 bolts along the edges with 0.1 m of the test panel held between the fixture plates.
The test fixture along with the test panel was immersed in the shock tank (at the NSTL, Visakhapatnam) to a water depth of 2.0 m to eliminate the effect of surface reflections on the panel during early response. The side walls and the bottom of the tank remained at 6 m and 8 m, respectively, away from the explosion. Hence, the influence of reflections from the bottom and side walls on the early response is considered negligible. The explosive charge was attached at a known distance by the use of a channel section fixed to the box model (see Fig. 1 ). In all the experiments, the explosive was placed on the normal line passing through the center of the panel at a stand-off distance of 0.2 m, measured from the base of the panel.
The permanent deformation of the panel was measured after each test, with the test panels secured to the fixture, as follows: Grids were marked before each test on a quadrant of the test panel corresponding to the finite element mesh, employed in the numerical analysis. Also markings were made on the top cover plate to match with the grid lines. A thin rectangular beam was placed over the curved top cover plate at each grid line, one after another. The depth of dishing was measured from the top of the beam with the help of a vernier. Subsequently the final deformation of the panel was obtained by deducting the depth of the beam and the thickness of the curved top cover plate from the originally measured displacement.
Finite element analysis

Finite element formulation
The finite element analysis of the test panel was performed using CSA/GENSA [20] , a commercially available version of the DYNA3D non-linear finite element analysis software. Hughes-Liu shell elements [21] available in the GENSA code were employed for modelling the test panel. In the above code, the material non-linearities are modeled by the Von-Mises yield criterion and its associated flow rule with a bilinear stress -strain law. The geometric non-linearities are based on large deformation finite strain formulation. The finite element equations of motions for the assemblage of elements, derived based on the principle of virtual work, may be written in the form [20] [M ]{Ẍ} = {P } − {F } + {H}
where [M ] denotes the diagonal mass matrix, {P } the sum of external and body force vectors, {F } the stress 
where,
and a n = Q ng ρv
Here [B] is the strain -displacement matrix (with t denoting the transpose), {σ} the stress vector, r jk the hourglass base vector, h ij the magnitude of hourglass mode, v the element volume, c the sound speed in the material, Q ng a constant with value between 0.05 and 0.15 and V k i the nodal velocity of the kth node in the ith direction. The set of non-linear equations given in Eq. (1) are solved using the central difference scheme.
Modeling of the test panels
Considering the experimental fixing conditions with 0.025 m thick plates, the 0.00314 m thick test panel was assumed to be fixed at the edges of the exposed area (0.6 × 0.4 m 2 ); i.e. the three displacements and two bending slopes were assumed to be zero at the edges. Because of symmetry in loading and structure, only one quadrant of the exposed area (i.e. 0.3 × 0.2 m 2 ) of the test panel was considered for the analysis. The HughesLiu shell element was selected to model the test panel because of its robustness and greater accuracy when encountering finite strain [20] . The quarter panel was modeled using two grid sizes of 10 × 10 and 20 × 20 el- ements for some representative cases. Both the meshes converged to virtually the same results. Therefore, for all the subsequent analysis, the mesh of lower density (10 × 10 grid ) as shown in Fig. 3 was used to achieve computational economy.
Material model
The uniaxial stress strain properties obtained for high strength, low alloy, mild steel have been used as the primary material data: The constitutive model selected for the non-linear analysis of the panels using the GENSA code is the elasto -plastic material model with isotropic hardening. In order to include the effect of strain rate in the finite element analysis, the elasto-plastic analysis has been first carried out ignoring this effect, i.e. the static yield stress has been employed in the analysis. The average strain rate has been calculated from the maximum effective plastic strain curve obtained from the analysis. The effective platic strain ε p ef f is given by [20] 
where the plastic strain rate is given by the difference between the total strain rate (ε ij ) and elastic strain rate
Subsequently, the dynamic plastic effects on the deformation of the panel have been incorporated by adjusting the dynamic yield stress (σ dy ) using the Cowper -Symonds relation [22] given by
where σ y is the static yield stress and D and n are other material parameters, and for the strain rateε, which strictly speaking is a function of time, the average value mentioned above has been employed. In the present calculations, D = 40/sec and n = 5 [10] , being the commonly accepted values for mild steel, have been used. Thermal effects were not included in the analysis.
Shock pressure loading
The empirical pressure time history at any location with an instantaneous pressure increase followed by a decay, approximated by an exponential function, is given by [23] 
For trinitrotoluene (TNT), the peak pressure (P 0 ) and the decay constant (θ) are given by P 0 = 52.16 * 10 (11) where P (t) is the pressure (Pa) at any instant of time t, P 0 the peak pressure of the shock front, θ the decay constant (µsec), t the time variable (µsec), W the charge weight (kg), t d = (R − R 0 )/c the time delay (µsec), R the stand off distance (m), R 0 the shortest radial distance and c the sound speed in water (m/sec).
When the free field pressure given in Eq. (9) impinges on the panel, it undergoes diffraction and scattering and hence the net pressure loading on the curved panel is modified by the interaction between the fluid and the structure. For an infinite plate submerged in water, Taylor's plate theory [24] provides the resultant over pressure accounting for the fluid-structure interaction effect. In the present study this theory is assumed to be valid for finite curved panels also. Thus, based on Taylor's plate theory the total pressure on the panel considering fluid -structure interaction is given by
where
Here, P t is the total pressure (Pa) on the plate at time t, ρ the fluid density (kg/m 3 ), m the mass per unit area, z the characteristic mass ratio, v(t) the plate velocity (m/sec) and φ the angle of attack of the shock wave. is noted that the shock wave propagation in the above theory uses the plane wave acoustic approximation. For the purpose of non-linear finite element analysis, the pressure on each finite element is computed using Eq. (12) time history (both total and free field using Eqs (9) and (12) at the center of the panel (with h/l = 0.1) corresponding to a 50 gm charge weight at 0.2 m standoff is shown in Fig. 4 . The peak pressure estimated for the various test conditions at the center of the panel are given in Table 1 .
Results and discussions
Experimental
The permanent central deflection of the shell panels, measured positive from the panel towards the base (i.e. deflections normal to the base) for various loading conditions are presented in Table 2 . The 'dished' shell panels are shown in Fig. 5 . The permanent deformation of the shell panels measured from the original position along the longitudinal and transverse center lines (DC and BC in Fig. 3 the base -the shell rise at the center). SF Vs the maximum permanent deformation (at the center, point C in Fig. 3 ) for various shell panels is plotted in Fig. 7 two cases tested), which may be ascribed to the snap through behavior. All the experiments were aimed at causing mode I failure and in none of the experiments tensile tearing was observed.
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Numerical
The numerical analysis for all the test conditions have been carried out using the CSA/GENSA a) SF =0. [DYNA3D] explicit integration code. Because the method employed is conditionally stable, the choice of time step is very important in the analysis. Three different incremental time steps were used to study the numerical convergence for a typical case. The selected time steps of 0.5 µsec, 1.0 µsec and 2.0 µsec were found to meet the stability requirements of the explicit integration scheme. Since the results for the three time steps did not differ much, 1.0 µsec time step was selected for subsequent analysis.
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The analysis has been performed first without strain rate effects and with strain rate effects later, by adjusting the dynamic yield stress in the analysis based on the Cowper -Symonds relation as discussed earlier.
The average strain rate has been obtained from the effective plastic strain time history curve obtained from the numerical analysis. The maximum effective plastic strain time history for the shell panel (h/l = 0.05) corresponding to a charge weight of 20 gm is shown in Fig. 8 . The effective plastic strain is found to increase until about 800 µsec and then reach a plateau. The average strain rate used for the analysis has been computed from the maximum plastic strain and the time taken to reach the maximum.
The displacement time history for various loading conditions for h/l = (0.0, 0.05, 0.1) is shown in Figs 9-11 . From the curves it can be seen that the displacement time history at the center of the panel shows a nearly linear trend upto the maximum and found to have small oscillations thereafter as reported in other studies [11, 12, 20] . This means that most of the kinetic energy imparted to the panel by the shock loading has been dissipated as plastic work. As a result, the difference between the maximum displacement and the permanent deformation was quite small.
It is also observed from the curves that the total displacement and the permanent deformation decrease by about 44% for flat panels and 36% for curved panels because of strain rate effects. The time of occurrence of the maximum displacement was reduced considerably (see when the strain rate effects were introduced. The reduction in the permanent deformation and the occurrence of the maximum displacement are similar to that reported for plates subjected to air blast [10] or underwater shock [19] .
The strain rate and the corresponding dynamic yield stress based on the numerical analysis are presented in Table 3 . The average strain rate varies considerably so does the dynamic yield stress (Fig. 12 ) similar to that reported for plates by Olson et al. [10] under air blast loading and Ramajeyathilagam et al. [19] , for underwater shock. The yield stress factor (dynamic yield stress / static yield stress) is found to vary between 2 and 3 for the test cases considered. At this juncture, it may be noted that because the stand-off distance was kept at 0.2 m in all the tests, the three test panels experienced different pressure loading, with the intensity increasing with the rise ratio. In spite of this, the strain rate is found to be less for the curved panels compared to the flat plate, which may be ascribed to the shell membrane effects. Also it is noted that smaller dynamic yield stresses associated with reduced strain rates for the curved panel may also be partly responsible for the higher permanent set in the case of curved panels compared to a flat plate (see Fig. 7 ). The influence of geometric imperfections as well as residual stresses that might have been caused due to fabrication of the shell panels, could not be investigated.
Comparisons
The central permanent deformations obtained from experiments and numerical analysis, with and without strain rate effects, are compared in Fig. 13 . The numerical results show the same trend as the experimental results, namely increase in permanent set with both shock factor and shell rise ratio. It is seen that the computed permanent set values without strain rate effect are about 55% to 65% more than that of experimental values. The numerical model using average strain rate effects predicts values close to the experimental values within 10% accuracy. The measured and computed permanent deformations of the panels (with strain rate effects) along the center lines (DC and BC in Fig. 3 ) are compared in Figs 14-16. The numerical prediction was found to be lower than the experimental values near the edges and crossed to the other side roughly at a distance of one fourth length of the panel for the flat plate. In the center of the panel, the predicted permanent deformation was found to be on the higher side compared to the experimental values. This trend for the flat panel is similar to that reported for square plates [10] . For the cylindrical shell panels, the crossing over has progressed towards the center of the panel (Figs 15 and 16 ). The comparison of permanent deformation pattern over a quadrant for a typical test panel (h/l = 0.1) corresponding to a charge weight of 30 gm is shown in Fig. 17 . Overall, numerically predicted deformation shows a reasonable correlation with that of experiments, the comparison being better in the central region. The numerical analysis is not able to predict the permanent set near the edges accurately because of the plastic hinge formed near the edges, which could not be considered in the numerical model.
Conclusions
The results of the experimental and numerical investigations carried out on cylindrical shell panels strain rate considerably affects the dynamic response.
Use of average strain rate in finite element analysis in conjunction with the Cowper -Symonds relation predicts the permanent set of the panel with engineering accuracy. Such an analysis will evidently be more economical than the one using instantaneous strain rates. The membrane action of the shell panel considerably reduces the strain rate and hence, the dynamic yield compared to that of flat plates. Because of this as well as due to snap through deformation, the curved panels show larger permanent set than the flat plate. The influence of geometric imperfections and residual stresses in the curved panels needs to be investigated. The difference between numerical and experimental results may partly be due to the use of Taylor's plate theory to approximate fluid-structure interaction in the case of curved panels.
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